To maintain genomic stability, reinitiation of eukaryotic DNA replication within a single cell cycle is blocked by multiple mechanisms that inactivate or remove replication proteins after G1 phase. Consistent with the prevailing notion that these mechanisms are redundant, we previously showed that simultaneous deregulation of three replication proteins, ORC, Cdc6, and Mcm2-7, was necessary to cause detectable bulk re-replication in G2/M phase in Saccharomyces cerevisiae. In this study, we used microarray comparative genomic hybridization (CGH) to provide a more comprehensive and detailed analysis of re-replication. This genome-wide analysis suggests that reinitiation in G2/M phase primarily occurs at a subset of both active and latent origins, but is independent of chromosomal determinants that specify the use and timing of these origins in S phase. We demonstrate that re-replication can be induced within S phase, but differs in amount and location from re-replication in G2/M phase, illustrating the dynamic nature of DNA replication controls. Finally, we show that very limited re-replication can be detected by microarray CGH when only two replication proteins are deregulated, suggesting that the mechanisms blocking re-replication are not redundant. Therefore we propose that eukaryotic re-replication at levels below current detection limits may be more prevalent and a greater source of genomic instability than previously appreciated.
INTRODUCTION
Eukaryotic cells must replicate each portion of their genome precisely once per cell cycle to faithfully transmit that genome to succeeding generations. This cell cycle control is enforced at the hundreds to thousands of replication origins where replication is initiated. As part of this regulation, cells must prohibit reinitiation within a single cell cycle at every origin for many successive generations. Even a small or occasional slip in this control will lead to re-replication, which can potentially compromise genome integrity. Hence, the block to reinitiation must be absolutely effective and reliable.
Studies from many laboratories have led to a model for the block to reinitiation that is based on the division of the initiation event into two mutually exclusive stages (reviewed in Bell and Dutta, 2002; Diffley, 2004; Machida et al., 2005) . In the first stage, which is restricted to G1 phase, potential origins are selected on chromosomal DNA by assembly of the origin recognition complex (ORC), Cdc6, Cdt1, and the putative replicative helicase, Mcm2-7 into pre-replicative complexes (pre-RCs). In the second stage, which is restricted to S, G2, and M phases, potential origins are activated to initiate DNA replication by two kinases, a cyclin-dependent kinase (CDK) and Cdc7 kinase. Because CDK activity prevents pre-RC assembly in S, G2, and M phases and origins are not activated in G1 phase, passage through the cell cycle is coupled to exactly one round of replication.
Although this model provides a framework for understanding once and only once initiation, it does not explain how the block to reinitiation can be maintained with such high fidelity. This fidelity can be readily incorporated into the model if multiple overlapping mechanisms prevent pre-RC reassembly. In fact, multiple CDK-dependent inhibitory mechanisms that target pre-RC components have been identified in a number of eukaryotic organisms. In budding and fission yeast, CDKs appear to down-regulate ORC through inhibitory phosphorylation of Orc2 and/or Orc6 (Nguyen et al., 2001; Vas et al., 2001) as well as by direct binding to Orc6 (Wilmes et al., 2004) . Additionally, CDKs inhibit Cdc6 (or the Schizosaccharomyces pombe ortholog Cdc18) by promoting Cdc6/Cdc18 degradation (Drury et al., 1997 (Drury et al., , 2000 Jallepalli et al., 1997; Elsasser et al., 1999) , by reducing CDC6 transcription (Moll et al., 1991) , and by directly inhibiting Cdc6/Cdc18 through phosphorylation (Jallepalli et al., 1997) or binding (Mimura et al., 2004) . Finally, CDKs also promote the nuclear exclusion of Mcm2-7 and Cdt1 in budding yeast (Labib et al., 1999; Nguyen et al., 2000; Tanaka and Diffley, 2002) , in part by direct phosphorylation of Mcm3 (Liku et al., 2005) . In metazoans, CDKs have been implicated in Orc1 degradation, Cdt1 degradation and Cdc6 nuclear exclusion (reviewed in Diffley, 2004 ). In addition, metazoan cells have a CDK-independent mechanism involving the protein geminin, which binds to Cdt1 and can prevent it from recruiting Mcm2-7 during S, G2, and M phase (reviewed in Blow and Dutta, 2005) .
Obtaining clear evidence of re-replication within a single cell cycle has generally required the simultaneous disruption of multiple mechanisms, leading to the presumption that these mechanisms are redundant (Diffley, 2004; Blow and Dutta, 2005) . In budding yeast, for example, simultaneous deregulation of ORC phosphorylation, Mcm localization, and Cdc6 protein levels was needed to detect re-replication in G2/M phase (Nguyen et al., 2001) . Similarly, disruption of several regulatory mechanisms leads to re-replication in fission yeast (Gopalakrishnan et al., 2001; Vas et al., 2001; Yanow et al., 2001) and in Xenopus replication extracts (McGarry and Kirschner, 1998; Arias and Walter, 2005; Li and Blow, 2005; Yoshida et al., 2005) .
In addition to the issue of mechanistic redundancy, the model for the block to re-replication makes predictions that are best examined by a genome-wide analysis of re-replication. First, the re-replication that is induced by deregulating pre-RC assembly should initiate from the potential replication origins used during normal replication. Reinitiation from a few origins has been observed by two-dimensional gel electrophoresis in both budding (Nguyen et al., 2001 ) and fission (Yanow et al., 2001) yeast, but genome-wide mapping of reinitiation sites is needed to confirm this prediction. Second, deregulation of pre-RC reassembly should be able to induce re-replication throughout the period from S to M phase. Although Cdt1 overexpression has been shown to prolong S phase in Drosophila embryos (Thomer et al., 2004) , direct evidence for re-replication within S phase is still lacking. Finally, full deregulation of pre-RC reassembly should allow more than one round of reinitiation and result in rampant re-replication. So far, precise deregulation of replication proteins has led to at most a doubling of genomic DNA content, suggesting that additional inhibitory mechanisms remain to prevent re-replication. A more comprehensive analysis of where re-replication occurs in the genome may provide clues to how re-replication is still inhibited.
We have developed a more sensitive and comprehensive assay for re-replication by adapting and streamlining previously published microarray-based assays for analyzing DNA replication in budding yeast. With this assay we present evidence that reinitiation occurs primarily at a subset of the potential origins normally established for S phase without being strongly affected by the chromosomal determinants that specify the efficiency and timing of these origins in S phase. Our studies suggest that the limited rereplication observed may be due in part to the fewer initiation sites used for re-replication compared with S phase. Additionally, our studies indicate that some of the mechanisms preventing re-replication in G2/M phase also operate in S phase but that the block to re-replication in these two phases is not identical. Finally, we demonstrate that reinitiation from as few as a single origin is detectable when fewer mechanisms are disrupted, consistent with the notion that these mechanisms are not redundant but are each actively maintaining the high fidelity of the block to re-replication.
MATERIALS AND METHODS

Plasmids and Strains
All plasmids are described in Table 1, all strains are described in Table 2 , and all oligonucleotides are described in Table 3 . Supplementary Methods contains detailed description of plasmid and strain construction.
Yeast Media, Growth, and Arrest
Cells were grown in YEP, synthetic complete (SC), or synthetic (S broth) medium (Guthrie and Fink, 1990) supplemented with 2% dextrose (wt/vol), 2% galactose (wt/vol), 3% raffinose (wt/vol), or 3% raffinose (wt/vol) ϩ 0.05% dextrose (wt/vol). For S phase experiments cells were grown overnight in SDC (YJL5038) or SDC-Met,Ura (YJL3248 and YJL5834) and arrested in G1 phase with 50 ng/ml ␣ factor (all strains were bar1) at 30°C. Cells were released by filtering, washing, and then resuspending in prewarmed 30°C YEPD containing 100 g/ml pronase, 100 mM hydroxyurea (HU), and 15 g/ml nocodazole.
To obtain reproducible induction of re-replication, cells were inoculated from a fresh unsaturated culture containing 2% dextrose into a culture containing 3% raffinose ϩ 0.05% dextrose and grown for 12-15 h the night before the experiment. The GAL1 promoter (pGAL1) was induced by addition of 2% galactose and the MET3 promoter (pMET3) was repressed by the addition of 2 mM methionine. All experiments were performed at 30°C except where noted. For induction of re-replication in G2/M phase, cells grown overnight in SRaffC-Met,Ura ϩ 0.05% dextrose were pelleted and resuspended in YEPRaff ϩ 2 mM methionine and 15 g/ml nocodazole. Once arrested (Ͼ90% large budded cells), galactose was added to a final concentration of 2%. In experiments with strains containing cdc7-1, cells were grown and arrested at 23°C. These cultures were split after arresting in G2/M phase and either kept at 23°C or shifted to 35°C for 1 h followed by addition of 2% galactose to both cultures.
For induction of re-replication during the release from G1 phase into a G2/M phase arrest, cells grown overnight in SRaffC-Met,Ura ϩ 0.05% dextrose were arrested with 50 ng/ml ␣ factor (all strains were bar1). Once arrested (Ͼ95% small budded cells), galactose was added to a final concentration of 2% for 30 min. Cells were released by filtering, washing, and then resuspending in prewarmed YEPGal ϩ 2 mM methionine, 100 g/ml pronase, and 15 g/ml nocodazole. For the induction of re-replication during a release from G1 phase into S phase, cells arrested and released as described above were resuspended in prewarmed YEPGal ϩ 2 mM methionine, 100 g/ml pronase, and 100 mM HU.
Two-Dimensional Gel Electrophoresis
Neutral-neutral two-dimensional (2-D) gel analysis was performed essentially as described at http://fangman-brewer.genetics.washington.edu. The DNA preparation described there is a slight modification of the one used in Huberman et al. (1987) . Modifications to the previous protocols can be found in Supplementary Methods.
Microarray Assay
Microarrays containing 12,034 PCR products representing every ORF and intergenic region were prepared essentially as described (DeRisi et al., 1997; Iyer et al., 2001 ; see Supplementary Methods). Genomic DNA was prepared, labeled, and hybridized as described in Supplementary Methods. 
Data Analysis
Raw Cy5/Cy3 ratios from scanned arrays were normalized to the DNA content per cell based on the flow cytometry data to determine absolute copy number of each DNA segment. Raw values were then binned and smoothed using Fourier convolution smoothing essentially as described (Raghuraman et al., 2001) . Peaks in the replication profiles that were both prominent and reproducible among repetitions of an experiment were identified as origins. Details of data analysis (Supplementary Methods) and examples of raw data (Supplementary Figure S1 ) are contained in Supplementary Information. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO, http:://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE4181. The "experiment variability" was determined using the equation for calculating one SD. Because there were only two DNA preparations used, each of which was hybridized twice, the trials are not truly independent and thus we call these values "experiment variability" rather than SD.
Scatter Plot
For each pro-ARS (Wyrick et al., 2001) , the normalized Cy5/Cy3 ratio of that chromosomal locus during replication or re-replication was determined and plotted. See Supplementary Methods for more details.
RESULTS
A Simplified Microarray CGH Assay for DNA Replication
We have adapted and streamlined existing microarray assays (Raghuraman et al., 2001; Yabuki et al., 2002) to create a rapid and economical genome-wide assay for yeast DNA replication. Our simplified assay uses CGH to directly measure the increase in DNA copy number arising from replication or re-replication. During S phase replication, the copy 
number of each DNA segment reflects the timing of its replication because the earlier a DNA segment replicates, the greater the proportion of replicating cells containing a duplication of this segment. Origins, which replicate earlier than neighboring regions, can be localized to chromosomal segments where the copy number reaches a local maxima. Thus, use of microarray CGH to monitor copy number changes across the genome can provide a comprehensive view of the location and efficiency/timing of initiation sites during replication and re-replication. Figure 1A shows a schematic of our microarray CGH replication assay. Genomic DNA from replicating (or rereplicating) and nonreplicating cells is purified and differentially labeled with Cy5 and Cy3. The labeled probes are competitively hybridized to a spotted microarray and the raw Cy5/Cy3 values are normalized such that the average Figure 1 . Use of comparative genomic hybridization (CGH) on spotted microarrays to assay DNA replication. (A) Schematic representation of the CGH replication assay. Genomic DNA is purified from nonreplicating and replicating cells, differentially labeled with Cy3 and Cy5, and competitively hybridized to a microarray containing 12,034 ORF and intergenic PCR products. Cy5/Cy3 ratios are normalized so that the average ratio of all elements equals the DNA content of the cells (as determined by flow cytometry). Normalized ratios are plotted against chromosomal position and mathematically smoothed to generate a replication profile. In most cases, two hybridizations are performed from each of two independent experiments. The resulting four replication profiles are averaged into one composite profile, and the locations of origins are identified using a peak finding algorithm. Chromosomal regions lacking data of sufficient quality are represented as gaps in the profiles. (B) CGH replication assay described for A was performed on YJL5038, a wild-type yeast strain in the S288c background. G1 phase genomic DNA was hybridized against S phase genomic DNA obtained 120 min after cells were released from G1 phase into media containing hydroxyurea (HU). The composite replication profile (blue line) plus and minus the "experiment variability" (light gray band; see Materials and Methods) is shown for chromosome X. Positions of origins annotated in the Saccharomyces Genome Database (SGD; Balakrishnan (2006) ; red triangles) and the centromere (black circle) are marked along the X-axis. Replication profiles derived from Raghuraman et al. (2001) (violet line) and Yabuki et al. (2002) (orange line) are shown for comparison. (C) S phase progression assayed by flow cytometry for experiment described in B at the indicated times after release from G1 phase. DNA content of 1.4 C was used to normalize the S288c replication profile. (D) The S phase replication profile of the re-replication competent OMC strain and the congenic wild-type strain are similar. S phase replication profiles were generated for the OMC strain YJL3248 (MCM7-2NLS orc2-cdk6A orc6-cdk4A pGAL1-⌬ntcdc6 pMET3-HA3-CDC20) and a congenic wild-type A364a strain YJL5834 (pGAL1) essentially as described in B except S phase cells were harvested, respectively, at 135 min and 180 min after ␣ factor release. The S phase replication profile for the OMC strain (green line) and the A364a strain (black line) for chromosome X is shown. SGD annotated origins (red triangles) and the centromere (black circle) are marked along the X-axis. (E) S phase progression assayed by flow cytometry for experiment described in D at the indicated times after release from G1 phase. DNA contents of 1.35 C and 1.4 C, respectively, were used to normalize the OMC and A364a replication profiles.
B. M. Green et al. ratio corresponds to the DNA content determined by flow cytometry. Data are smoothed and origins are computationally identified by locating prominent and reproducible peaks in smoothed replication profiles.
Before using the microarray CGH assay to study re-replication, we assessed its reproducibility and its ability to identify known replication origins in the S phase of a wild-type S288c strain (flow cytometry data in Figure 1C ). Figure 1B and Supplementary Figure S2 show the mean of the smoothed S phase replication profiles from four hybridizations plus or minus the "experiment variability" (see Materials and Methods) for chromosome X. The small variability demonstrates that this technique is highly reproducible. An overlay of our replication profiles with those generated from previously published data (Raghuraman et al., 2001; Yabuki et al., 2002) shows considerable agreement in both peak positions, which reflects origin locations, and peak heights, which reflects origin timing/efficiency. When our peak finding algorithm was applied to our profiles, we obtained origin numbers (212) comparable to those obtained by Rhaguraman et al. (2001) (332) and Yabuki et al. (2002) (260) . Additionally, the alignment of peaks to origins systematically mapped by 2-D gel electrophoresis or ARS plasmid assay was similar to, or better than, published data (Supplementary Table S1 ). Together, these data confirm that our streamlined assay is reproducible and accurate.
Re-replication Competent Mutant Has a Mostly Normal S Phase
We have previously demonstrated that simultaneous deregulation of three pre-RC components (ORC, Mcm2-7, and Cdc6) leads to limited re-replication in G2/M phase arrested cells (Nguyen et al., 2001) . These initiation proteins were deregulated by mutations that make the proteins refractory to CDK regulation. First, the CDK consensus phosphorylation sites of two subunits of the origin recognition complex, Orc2 and Orc6, were mutated, preventing Cdc28/Cdk1 phosphorylation of these subunits (orc2-cdk6A, orc6-cdk4A). Second, two copies of the SV40 nuclear localization signal were fused to MCM7 (MCM7-SVNLS 2 ) to prevent the Cdc28/Cdk1 promoted net nuclear export of the Mcm2-7 complexes. Finally, an extra copy of CDC6, containing a partially stabilizing N-terminal deletion, was placed under control of the galactose inducible promoter (pGAL1-⌬ntcdc6). This strain re-replicates when ⌬ntcdc6 is induced by addition of galactose and will be referred to as the OMC re-replicating strain in reference to its deregulation of ORC, Mcm2-7, and Cdc6.
A major concern in any genetic analysis of replication control is the possibility that the mutations deregulating replication proteins also disrupt their replication activity. Such a nonspecific perturbation would complicate any interpretation of the resulting phenotype. We and others have previously reported that ⌬nt-cdc6 expressed under the CDC6 promoter retains full replication initiation function (Drury et al., 2000; Nguyen et al., 2001) . To determine whether the mutations deregulating Orc2, Orc6, and Mcm7 in the OMC strain also preserve their initiation function, we compared S phase of the OMC strain (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1-⌬ntcdc6), when re-replication was not induced, to S phase of the congenic wild-type A364a strain (ORC2 ORC6 MCM7 pGAL1). When cells were harvested at the same point in S phase ( Figure 1E ), the replication profiles for the two strains showed considerable overlap ( Figure 1D, Supplementary Figures S3 and S4 Figures S5 and S6) , we believe these differences reflect subtle alterations in the initiation activity of the mutant ORC and Mcm2-7. Nonetheless, we conclude that, overall, the mutant ORC and Mcm2-7 proteins in the OMC strain retain most of their normal initiation activity.
Mapping Reinitiating Origins
A key prediction of the current model for eukaryotic replication control is that pre-RC reassembly and reinitiation should only occur where pre-RCs normally assemble, i.e., the potential origins or pro-ARSs identified by Wyrick et al. (2001) . In our previous characterization of re-replication induced at G2/M phase in the OMC strain (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1-⌬ntcdc6), we observed three active S phase origins reinitiating by 2-D gel electrophoresis (Nguyen et al., 2001) . To comprehensively examine this prediction throughout the genome, we performed microarray CGH on the re-replicating DNA from OMC cells. This re-replicating DNA (flow cytometry in Figure 2A ) was competitively hybridized against DNA from a congenic non-re-replicating strain that lacks the inducible ⌬ntcdc6 and will be referred to as the OM strain (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1). Another source of nonre-replicating control DNA is OMC DNA from G1 phase cells, and when this was used, virtually identical results were obtained (unpublished data).
The OMC G2/M phase re-replication profiles are shown in Figure 2B and Supplementary Figure S7 . These data confirm that the incomplete re-replication observed by flow cytometry is distributed over all 16 chromosomes, as was first suggested by their limited entry into the gel during PFGE (Nguyen et al., 2001 and Figure 2C ). The re-replication profiles also show that individual chromosomes re-replicate very unevenly, with some segments preferentially re-replicating more than others do.
Application of a peak finding algorithm to OMC re-replication profiles identified 106 reinitiating origins. Most of these origins appear to correspond to chromosomal loci that form pre-RCs in G1 phase because more than 80% of the reinitiating origins map to within 10 kb of a pro-ARS identified by Wyrick et al. (2001) as sites of pre-RC binding. The mean distance between the OMC reinitiating origins and the closest Wyrick pro-ARS (Wyrick et al., 2001 ) is 7.0 kb. This value is highly significant (p Ͻ 5 ϫ 10 Ϫ8 ) when compared with the mean distances calculated for equivalent numbers of randomly selected chromosomal loci, as the mean distances are tightly distributed around a value of 12.3 kb (Supplementary Figure S8) . Tanny et al. (2006) have analyzed the re-replication profile of a strain similar to our OMC strain containing the additional perturbation of a mutation of an RXL motif in ORC6 that abrogates CDK binding and results in a slightly increased extent of re-replication. Although both articles use slightly different data analysis and presentation, (our profiles are presented to preserve absolute copy number information at the cost of less distinctive peaks), the re-replication profiles are strikingly similar (compare Supplementary Figure S7 to Tanny et al., 2006; Supplementary Figure S2) . Like our results, 80% of the 123 re-replication origins identified by Tanny et al. (2006) are within 10 kb of a Wyrick et al. (2001) pro-ARS, further supporting the notion that re-replication occurs at normal sites of pre-RC formation. Overlap of origins identified in both studies is considerable, with 64% of the origins in this study within 10 kb of an origin in Tanny et al. (2006) (20% would be expected by chance). This overlap becomes even more striking, 80% overlap (expected value is also 20%), when the top 40 highest peaks in our analysis are compared with peaks identified in Tanny et al. (2006) . Together with our previous confirmation by 2-D gel electrophoresis that ARS305, ARS121, and ARS607 reinitiate (Nguyen et al., 2001) , these genomic data suggest that reinitiation primarily occurs at a subset of potential S phase origins.
The efficiency with which these potential origins reinitiate in G2/M phase, however, does not correlate with the efficiency or timing with which they initiate in S phase. For example, only 38% of the active S phase origins reinitiate with enough efficiency to be identified as peaks during re-replication in G2/M phase. Moreover, some regions that normally replicate late in S phase, such as those near the telomeres of chromosome III, re-replicate very efficiently in G2/M phase, apparently from very inefficient or latent S phase origins in those regions. For a systematic comparison of re-replication efficiency versus replication timing of all potential S phase origins, we plotted the re-replication copy number versus the replication copy number for the set of pro-ARSs identified by Wyrick et al. (2001) (Figure  2D ). The absence of any significant correlation (R 2 ϭ 0.0002) indicates that the efficiency or timing of a replication origin in S phase does not determine its re-replication efficiency during G2/M phase.
Mechanisms That Prevent Re-replication at G2/M Phase Also Act in S Phase
The prevailing model for replication control depicts the prevention of re-replication in S, G2, and M phase as one continuous inhibitory period using a common strategy of preventing pre-RC reassembly. Because CDKs are active throughout this period, the model would predict that mechanisms used by CDKs to regulate replication proteins should prevent re-replication throughout S, G2, and M phase. To determine if CDK regulation of ORC, Mcm2-7, and Cdc6, which prevents re-replication within G2/M phase, also prevents re-replication in S phase, we induced ⌬ntcdc6 in OMC cells (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1-⌬ntcdc6) as they entered S phase.
OMC cells were arrested in G1 phase with ␣ factor, and half the cells were harvested to obtain G1 phase DNA. The remaining cells were induced to express ⌬ntcdc6 and then released from the G1 arrest into a low concentration of HU to delay their replication and allow us to collect them in S phase. Flow cytometry indicated that the released cells were harvested while still in S phase with a DNA content of 1.4 C Figure 2 . Re-replication induced during G2/M phase when ORC, Mcm2-7, and Cdc6 are deregulated. (A) G2/M phase re-replication in the OMC strain is readily detectable by flow cytometry. The OMC strain YJL3248 (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1-⌬ntcdc6 pMET3-HA3-CDC20) and the control OM strain YJL3244 (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1 pMET3-HA3-CDC20) were arrested in G2/M phase. Once arrested, galactose was added, which induced re-replication in the OMC strain. Samples were taken for flow cytometry at the indicated points after galactose addition. The DNA content of 2.7 C at 3 h was used to normalize the OMC re-replication profile in B. (B) Genomic DNA was purified from the OMC strain and the control OM strain after 3 h of galactose induction as described in A and competitively hybridized against each other as described in Figure 1A . The OMC G2/M phase re-replication profiles (black lines, right axis), the OMC S phase replication profiles replotted from Figure 1D ( Figure 3A) . The S phase and G1 phase DNA were competitively hybridized against the yeast genomic microarray to generate a combined replication/re-replication profile for S phase ( Figure 3B and Supplementary Figure S9) .
Because normal S phase replication can account for an increase in DNA copy number from 1 to 2, only DNA synthesis beyond this copy number can be unequivocally attributed to re-replication. As seen in Figure 3B and Supplementary Figure S9 , many early origins acquired a DNA copy number greater than 2; in some cases reaching values greater than 3. In the same profiles other chromosomal regions had copy numbers significantly below 2, confirming that cells were indeed in the midst of S phase. In fact, early origins reinitiated, whereas forks from their first round of replication were still progressing and before many late origins had fired. Similar re-replication profiles were observed for re-replicating cells synchronously harvested in S phase in the absence of HU (unpublished data). These findings thus directly establish that mechanisms used to prevent re-replication in G2/M phase also act within S phase.
Cell Cycle Position Can Affect the Extent and Location of Re-replication
To determine if the block to re-replication is modulated during progression through the cell cycle, we compared the re-replication profile of OMC cells (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1-⌬ntcdc6) that were induced to re-replicate through a complete S phase with the profile associated with re-replication in G2/M phase. To obtain the former profile, both OMC and control OM cells (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1) were arrested in G1 phase with ␣ factor followed by addition of galactose to induce ⌬ntcdc6 in the OMC strain. Cells were then released from the G1 arrest, allowed to proceed through S phase, and collected at a G2/M arrest 3 h after the release. DNA prepared from the OMC and OM strains were competitively hybridized to our yeast genomic microarray to obtain a "G1 release" re-replication profile for the OMC cells.
Flow cytometry showed that both the re-replicating OMC and the control OM strain were in the middle of S phase 1 h after the release ( Figure 4A ). As expected for actively replicating chromosomes (Hennessy and Botstein, 1991) , the chromosomes of these strains were retained in the wells during PFGE ( Figure 4B ). Two hours after the release, S phase was mostly complete in the control OM strain and its chromosomes reentered the gel during PFGE. In the OMC strain, however, the induction of re-replication prevented chromosomes from reentering the PFGE gel at both 2 and 3 h time points. Because significant re-replication could be induced in OMC cells delayed in S phase, we believe that re-replication during the progression through S phase contributed to the re-replication seen in the G1 release experiment.
Re-replication induced during G1 release of OMC cells was more extensive than re-replication induced in G2/M phase. Despite comparable lengths of induction, flow cytometry reproducibly indicated that the former accumulated a DNA content of 3.2 C, whereas the latter accumulated only 2.7 C (compare 3 h time points in Figure 4A with Figure 2A ). More extensive re-replication could also be seen by comparing the re-replication profiles induced during the G1 release ( Figure 4C and Supplementary Figure S10 ) and the G2/M phase arrest ( Figure 2B and Supplementary Figure S7) . In general the peaks in the G1 release profiles were taller than the G2/M phase profiles, suggesting that more efficient or more rounds of reinitiation can occur when re-replication is induced during S phase. For example, ARS305 reached a copy number of 6.6, indicating it reinitiated a second time, as a single round can only generate a maximum copy number of 4. Overall, multiple rounds of reinitiation were observed on more than half of the chromosomes when re-replication was induced during the G1 release. In contrast, multiple rounds of reinitiation occurred at much fewer loci and to a lesser extent when re-replication was induced in G2/M phase.
A peak finding algorithm identified 87 potential reinitiation sites when re-replication was induced during the G1 release experiment. Of these, 85% were located within 10 kb of a Wyrick pro-ARS Wyrick et al. (2001) . These data suggest that re-replication induced during a G1 release occurs from S phase origins of DNA replication.
In addition to the extent of re-replication, another significant difference between re-replication induced during the G1 release and re-replication induced during G2/M phase was their pattern of origin usage. As discussed above, efficiency of rereplication in G2/M phase was not correlated with origin usage during S phase. In contrast, the efficiency of re-replication induced during the G1 release exhibited a modest positive correlation with S phase origin timing ( Figure 4D ). Although we cannot rule out an intrinsic difference in the reinitiation efficiency of early versus late origins when re-replication is induced during the G1 release, the simplest explanation for this Figure 3 . Deregulation of ORC, Mcm2-7, and Cdc6 can induce re-replication in S phase. (A) Flow cytometry of OMC cells induced to re-replicate in S phase. The OMC strain YJL3249 (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1-⌬ntcdc6 pMET3-HA3-CDC20) was arrested in G1 phase, induced to express ⌬ntcdc6 by the addition of galactose, then released from the arrest into media containing HU to delay cells from exiting S phase. At 4 h the cells were still in S phase with a DNA content of 1.4 C. This value was used to normalize the re-replication profile in B. (B) OMC cells can reinitiate and re-replicate within S phase. Genomic DNA was isolated at the 0 h (G1 phase) and 4 h (S phase) time points from the OMC strain YJL3249 as described in A and competitively hybridized against each other. The resulting profiles shown for chromosomes III and X reflect copy number increases due to both replication and re-replication. Locations of pro-ARSs mapped by Wyrick et al. (2001) (gray triangles) and the centromeres (black circles) are plotted along the X-axis.
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Limited Re-replication Is Detectable with Fewer Genetic Perturbations
Our previous analysis of budding yeast re-replication failed to detect re-replication when only two pre-RC components were deregulated in G2/M phase (Nguyen et al., 2001 ). This observation is frequently cited as evidence that eukaryotic replication controls are highly redundant. Both the increased sensitivity of the microarray CGH assay and the enhanced re-replication observed during a G1 release provided opportunities to reexamine whether these controls are indeed redundant in budding yeast.
As a first step, we examined an "OC" strain (orc2-cdk6A orc6-cdk4A pGAL1-⌬ntcdc6), in which only ORC and Cdc6 are deregulated and compared it with a control "O" strain (orc2-cdk6A orc6-cdk4A GAL1), where only ORC is deregulated. In accordance with our previous results (Nguyen et al., 2001 ), induction of ⌬ntcdc6 in G2/M phase generated no significant increase in DNA content by flow cytometry (Figure 5A ) or chromosome immobilization during PFGE (Figure 5C) . Similarly, microarray CGH of DNA prepared from the OC and O strains after 3 h of galactose induction in G2/M phase detected no re-replication on 15 out of 16 chromosomes (Supplementary Figure S11) . However, limited re-replication could clearly be observed on both arms of chromosome III ( Figure 5E ). Thus, the microarray CGH assay can detect re-replication missed by other assays.
We next asked whether we could detect more re-replication in the OC strain by inducing it during a G1 release. In contrast to the results obtained during a G2/M phase induction, significant re-replication was detected by flow cytometry and PFGE within 2 h of the G1 release ( Figure 5, B and  D) . The re-replication profile of the OC strain induced during a G1 release ( Figure 5E and Supplementary Figure S11) showed broad re-replication zones of ϳ200 -500 kb in width on all chromosomes. These results, along with the re-replication induced during G2/M phase, establish that deregu- -cdk6A orc6-cdk4A MCM7-2NLS  pGAL1-⌬ntcdc6 pMET3-HA3-CDC20 ) and the control OM strain YJL3244 (orc2-cdk6A orc6-cdk4A MCM7-2NLS pGAL1 pMET3-HA3-CDC20) were arrested in G1 phase, exposed to galactose to induce ⌬ntcdc6 in the OMC strain, and then released from the arrest into G2/M phase. Samples were taken for flow cytometry at the indicated times after release from the ␣ factor arrest. The OMC re-replication profile in C was normalized to the 3 h DNA content of 3.2 C. (B) Cells that were induced to re-replicate in A were harvested for PFGE at the indicated times. Southern blots of the gel were probed for chromosomes III, VI, and XIV as described in Figure 2C . (C) Re-replication profile of the OMC strain after G1 release. Genomic DNA was purified from the OMC strain and the control OM strain 3 h after G1 release. The two DNA preparations were labeled and competitively hybridized against each other to generate the G1 release re-replication profiles shown for chromosomes III, VI, and XIV. Locations of proARSs mapped by Wyrick et al. (2001) (gray triangles) and the centromeres (black circles) are plotted along the X-axis. (D) Re-replication induced in the OMC strain after a G1 release is slightly biased toward early replicating proARSs. For each of the pro-ARSs defined by Wyrick et al. (2001) , the DNA copy number from the OMC G1 release re-replication profile in C was plotted versus the DNA copy number from the OMC S phase replication profile in Figure 2B . Line represents linear regression of plot.
B. M. Green et al. lating just ORC and Cdc6 is sufficient to induce re-replication and thus these inhibitory mechanisms are not truly redundant. The greater amount of re-replication induced during G1 release versus G2/M arrest underscores the dynamic character of the block to re-replication and, in this case, is likely due to the incomplete expulsion of Mcm proteins from the nucleus during S phase.
Microarray CGH Can Detect Re-replication Initiating Primarily from a Single Origin
To further investigate the question of redundancy in replication control, we examined the consequences of deregulating just Mcm2-7 and Cdc6. We were not able to detect re-replication in the "MC" strain (MCM7-2NLS pGAL1-⌬ntcdc6) whether ⌬ntcdc6 was induced in G2/M phase or during a G1 release (unpublished data). Hence, we further deregulated Cdc6 inhibition by mutating the two full CDK consensus phosphorylation sites on ⌬ntcdc6 to generate the MC 2A strain (MCM7-2NLS ⌬ntcdc6-cdk2A). These additional mutations increase the stability of ⌬ntcdc6 (Perkins et al., 2001) .
Expression of ⌬ntcdc6-cdk2A in the MC 2A strain in either G2/M phase or during a G1 release did not cause a detectable increase in DNA content by flow cytometry (Figures 6, A and  B) . However, PFGE suggested that chromosome III re-replicated in a small subset of MC 2A cells when ⌬ntcdc6-cdk2A was induced under either protocol ( Figure 6, C and D) . Microarray CGH provided definitive evidence that re-replication occurred, in this strain, primarily on the right arm of chromosome III ( Figure 6E and Supplementary Figure S12) .
To confirm that the very limited DNA re-replication in the MC 2A strain arose from a canonical reinitiation event, we asked whether this re-replication depended on known origins and initiation proteins. Our peak finding algorithm implicated an initiation event at ϳ297 kb, close to ARS317, an inefficient S phase origin located at 291 kb. Two-dimensional gel analysis of ARS317 ( Figure 7A ) detected bubble -cdk6A orc6-cdk4A pGAL1-⌬ntcdc6  pMET3-HA3-CDC20 ) and the control O strain YJL4832 (orc2-cdk6A orc6-cdk4A pGAL1 pMET3-HA3-CDC20) were arrested in G2/M phase and induced with galactose as described in Figure  2A . Samples for flow cytometry were taken at the indicated times after galactose addition. The OC G2/M re-replication profile in E was normalized to the 3 h DNA content of 2.0 C. (B) Significant re-replication can be induced in OC cells during a G1 release. The OC strain and the control O strain were induced with galactose and released from a G1 arrest as described in Figure 4A . Samples for flow cytometry were taken at the indicated times after G1 release. The OC G1 release re-replication profile in E was normalized to the 3 h DNA content of 2.6 C. (C) Re-replication is not readily detected by PFGE in OC cells in G2/M phase. Strains that were induced to re-replicate in A were harvested for PFGE at the indicated times. Southern blots of the gel were probed for chromosomes III, VI, and XIV as described in Figure  2C . (D) Some but not all copies of each chromosome participate when OC cells are induced to re-replicate in G2/M phase. Strains that were induced to re-replicate in B were harvested for PFGE at the indicated times. Southern blots of the gel were probed for chromosomes III, VI, and XIV as described in Figure 2C . (E) Cell cycle position significantly affects the extent of re-replication in the OC strain. The OC strain and the control O strain were induced to rereplicate in G2/M phase or during a G1 release as described, respectively, in A and B. For each induction protocol, OC and O strain genomic DNA were prepared and competitively hybridized against each other. Shown for chromosomes III, VI, and XIV are OC G2/M phase re-replication profiles (black lines), OC G1 release re-replication profiles (gray lines), locations of pro-ARSs mapped by Wyrick et al. (2001) (gray triangles), and the centromeres (black circles).
Multiple Nonredundant Blocks to Re-replication Vol. 17, May 2006 arcs, indicative of replication initiation, in the MC 2A strain but not the control "M" strain (MCM7-2NLS pGAL1). The immediately adjacent origins, ARS316 and ARS318, only displayed fork arcs (unpublished data), suggesting that most of the re-replication on the right arm of chromosome III originates from ARS317. Deletion of ARS317, but not ARS316 or ARS318, in the MC 2A strain eliminated the bulk of the re-replication detected by microarray CGH ( Figure 7B and unpublished data), demonstrating that re-replication initiates primarily from a single S phase origin.
We next asked whether this re-replication is dependent on the essential initiation factor, Cdc7-Dbf4 kinase. Both MC 2A and MC 2A cdc7-1 strains were induced to re-replicate in G2/M phase under permissive (23°C) and restrictive (35°C) temperatures for the cdc7-1 allele. Microarray CGH demonstrated that both strains re-replicated to a similar extent at 23°C (Supplementary Figure S13 ), but at 35°C there was little or no re-replication in the MC 2A cdc7-1 strain ( Figure 7C) . Together, the dependence on both ARS317 and Cdc7-Dbf4 indicates that the very limited re-replication induced in the MC 2A strain arises primarily from a single bona fide reinitiation event.
DISCUSSION
Use of Microarray CGH as a Routine Genome-wide Assay for Budding Yeast Replication
We have refined previously published genome-wide replication assays for budding yeast and made them more amenable for routine and widespread use in the study of eukaryotic DNA replication. The previous assays required significant effort and cost to generate a single replication profile and were only used to characterize the normal wild-type S phase (Raghuraman et al., 2001; Yabuki et al., 2002) . We have obtained comparable replication profiles using a streamlined protocol, (MCM7-NLS pGAL1-⌬ntcdc6-cdk2A pMET3-HA3-CDC20) and the control M strain YJL4486 (MCM7-2NLS pGAL1 pMET3-HA3-CDC20) were arrested in G2/M phase and induced with galactose as described in Figure  2A . Samples for flow cytometry were taken at the indicated times after galactose addition. The MC 2A G2/M re-replication profile in E was normalized to the 3 h DNA content of 2.0 C. (B) Re-replication is undetectable by flow cytometry in MC 2A cells during a G1 release. The MC 2A strain and the control M strain were induced with galactose and released from a G1 arrest as described in Figure 4A . Samples for flow cytometry were taken at the indicated times. The MC 2A G1 release re-replication profile in E was normalized to the 3 h DNA content of 2.0 C. (C) A portion of the population of chromosome III molecules participate when MC 2A cells are induced to re-replicate in G2/M phase. The strains that were induced to re-replicate in A were harvested for PFGE at the indicated times. Southern blots of the gel were probed for chromosomes III, VI, and XIV as described in Figure 2C . (D) A portion of the population of chromosome III molecules participate when MC 2A cells are induced to re-replicate during a G1 release. The strains that were induced to re-replicate in B were harvested for PFGE at the indicated times. Southern blots of the gel were probed for chromosomes III, VI, and XIV as described in Figure 2C . (E) Rereplication in the MC 2A strain occurs primarily on chromosome III. The MC 2A strain and the control M strain were induced to re-replicate in G2/M phase or during a G1 release as described, respectively, in A and B. For each induction protocol, MC 2A and M strain genomic DNA were prepared and competitively hybridized against each other. Shown for chromosomes III, VI, and XIV are MC 2A G2/M phase re-replication profiles (black lines), MC 2A G1 release re-replication profiles (gray lines), locations of pro-ARSs mapped by Wyrick et al. (2001) (gray triangles) and the centromeres (black circles).
B. M. Green et al. collection of a single time point and inexpensive spotted microarrays. Thus, it is feasible to use our streamlined assay to examine the genome-wide replication phenotypes associated with many different genotypes or physiological conditions.
Reinitiation Induced in G2/M Phase Largely Follows the Rules of Origin Selection, But Not the Rules of Origin Activation, That Govern S Phase Replication
We have taken advantage of our microarray CGH assay to perform a genome-wide analysis of eukaryotic re-replication. This comprehensive analysis has allowed us to examine several key tenets of the current model for replication control. One important tenet is that reinitiation that arises from deregulation of ORC, Mcm2-7, and Cdc6 occur from sites of pre-RC formation in S phase. The overall concordance of mapped re-replication origins with pro-ARSs suggests that the reinitiation occurs at sites that normally assemble preRCs for S phase replication. Although current limitations of the resolution of microarray data prevent a precise match of replication and re-replication origins, in the few cases where this has been directly tested by 2-D gel electrophoresis or deletion analysis ( Figure 7 and Nguyen et al., 2001) , we have confirmed that this is, in fact, the case. Thus, the sequence determinants that select potential origins in S phase appear to be conserved during re-replication.
In contrast to the selection of potential origins, the activation of these origins during re-replication in G2/M phase differs considerably from origin activation during replication in S phase. During S phase replication, poorly understood chromosomal determinant specify which potential origins are activated early, which are activated late, and which remain latent. During re-replication in G2/M phase, all three classes are among the 106 origins that reinitiate, and there is no correlation between the time/efficiency pro-ARSs replicate in S phase and the efficiency with which they re-replicate in G2/M phase. These results suggest that the chromosomal determinants governing S phase origin activation are not preserved during G2/M phase re-replication. Such a conclusion is consistent with the finding that the temporal program for origin firing in S phase is lost by G2/M phase and must be reestablished upon entry into each new cell cycle (Raghuraman et al., 1997) .
The Block to Re-replication Uses a Common Fundamental Strategy Implemented in a Dynamic Manner Across the Cell Cycle
Another important tenet of the replication control model is that the blocks to re-replication in S, G2, and M phase use the and the control M strain YJL4486 (MCM7-2NLS pGAL1 pMET3-HA3-CDC20) were arrested in G2/M phase and induced with galactose as described in Figure 6A . Genomic DNA was purified from each strain at both 0 and 2 h after induction and subjected to neutral-neutral 2-D gel electrophoresis. Southern blots of the gels were probed with an ARS317 fragment. Black arrow indicates re-replication bubbles. (B) ARS317 sequence is required for the bulk of re-replication induced in MC 2A cells. The MC 2A -⌬ars317 strain YJL5858 (MCM7-NLS pGAL1-⌬ntcdc6-cdk2A pMET3-HA3-CDC20 ⌬ars317) and the control M strain YJL4486 were arrested in G2/M phase and induced with galactose for 3 h as described in Figure 6A . Genomic DNA from the two strains was competitively hybridized against each other to generate the MC 2A -⌬ars317 G2/M phase re-replication profile shown for chromosome III (gray line). The MC 2A G2/M phase re-replication profile from Figure 5E , and their respective controls, the M strain YJL4486 and the M-cdc7 strain YJL5816 (MCM7-2NLS pGAL1 pMET3-HA3-CDC20 cdc7-1) were induced with galactose as described in Figure 6A , except the initial arrest was performed at 23°C, and the arrested cells were shifted to 35°C for 1 h, before the addition of galactose. Genomic DNA was isolated 4 h after galactose addition and competitively hybridized (MC 2A vs. M and MC 2A -cdc7 vs. M-cdc7) as described in Figure 1A . Re-replication profiles for the MC 2A (black line) and MC 2A -cdc7 (gray line) strains are shown for chromosome III. Locations of pro-ARSs mapped by Wyrick et al. (2001) (gray triangles), and the centromere (black circle) are plotted along the X-axis. same fundamental strategy of preventing pre-RC reassembly. Deregulating the mechanisms that prevent this reassembly in any of these cell cycle phases should thus lead to re-replication. Studies in human, Drosophila, and Caenorhabditis elegans that deregulate geminin , Cdt1 (Thomer et al., 2004) , and Cul-4 (which stabilizes Cdt1; Zhong et al., 2003) , respectively, have inferred that re-replication can occur within S phase based on evidence of a prolonged S phase. In this study, we directly demonstrate that cells can reinitiate replication at multiple origins while the first round of replication is still ongoing. Thus, we establish that mechanisms used to prevent re-replication in G2/M phase also prevent re-replication within S phase.
Despite sharing common mechanisms to carry out the same fundamental strategy, the block to re-replication in S phase and G2/M phase are not identical. Two differences are readily apparent when comparing cells re-replicating through S phase during a G1 release with cells re-replicating at a G2/M phase arrest. The first difference is the bias toward reinitiation of early origins that is only observed in the G1 release experiment. The simplest explanation for this bias is suggested by the S phase re-replication profiles, which show reinitiation at early origins occurring before late origins have had a chance to fire. These observations suggest that early origins clear their replication pre-RCs sooner and are more available for pre-RC reassembly during S phase, although other explanations for this bias cannot be ruled out.
The second difference between the G1 release and G2/M phase re-replication is that the amount of re-replication induced during the G1 release was greater than the amount induced in G2/M phase in both the OMC and OC strains. This difference can be observed by flow cytometry but is most striking when G1 release and G2/M phase re-replication profiles are compared. There are a growing number of examples of mechanisms that vary in their efficacy across the cell cycle, such as Cdc6 degradation in budding yeast (Perkins et al., 2001) , Cdt1 degradation in Xenopus and humans (Nishitani et al., 2004; Arias and Walter, 2005; Li and Blow, 2005; Yoshida et al., 2005) , and geminin inhibition in human cells . Together these results indicate that the block to re-replication is dynamic with the number and relative contribution of regulatory mechanisms implementing the block changing during the cell cycle.
What Is Limiting Re-replication?
A key difference between re-replication and replication in the OMC strain is that a significantly smaller number of origins initiate efficiently during re-replication (106 vs. 193 ). This reduction in origin firing likely contributes to the limited re-replication observed in the OMC strain and suggests that additional mechanisms are still restraining reinitiation. Consistent with both notions, additional mechanisms inhibiting ORC (by CDK binding to Orc6; Wilmes et al., 2004) and Cdc6 (by CDK binding to the N-terminus of phosphorylated Cdc6; Mimura et al., 2004) have recently been identified in budding yeast. The latter mechanism is already disrupted in the OMC strain because of the N-terminal deletion of Cdc6. Disrupting the former mechanism in the OMC background moderately enhances re-replication, but this re-replication is still restrained (Wilmes et al., 2004; Tanny et al., 2006) , suggesting that still more re-replication controls remain to be identified.
The reduced number of reinitiating pro-ARSs, however, may not be the only factor limiting re-replication. Previous work suggests that a single replication fork should be able to replicate 100 -200 kb (Dershowitz and Newlon, 1993; van Brabant et al., 2001) . Our re-replicating profiles show that the amount of DNA synthesis associated with many reinitiating origins is significantly reduced 100 -200 kb away from these origins (Supplementary Figure S7) . These data suggest that re-replicating forks may not be able to progress as far as replicating forks, although a more direct analysis of fork movement will be needed to confirm this hypothesis.
Multiple Nonredundant Mechanisms Work in Combination to Reduce the Probability of Re-replication
We previously showed that we could reliably detect G2/M phase re-replication by flow cytometry in the OMC strain when ORC, Mcm2-7, and Cdc6 are deregulated, but not when only two of the three proteins were deregulated (Nguyen et al., 2001) . Since then, there have been many other examples where multiple replication controls had to be disrupted to detect re-replication (reviewed in Diffley, 2004; Blow and Dutta, 2005) . These observations have led to the presumption that the eukaryotic replication controls are redundant. We favor an alternative view that replication controls are not redundant and that disruption of one or a few of controls can lead to low levels of re-replication.
Failure to detect this re-replication has been due to the insensitivity of standard replication assays. In support of the view, the more sensitive microarray CGH assay used in this study was able to detect G2/M phase re-replication in the OC and MC 2A strains. We did not detect re-replication when only a single mechanism was disrupted, but we note that the microarray CGH assay has its own detection limits and may have difficulty detecting rare or sporadic replication events. The development of even more sensitive single-cell assays that can detect these rare re-replication events may reveal that the chance of re-replication occurring is increased when ORC, Mcm2-7, or Cdc6 is individually deregulated.
Our findings support a model in which the block to rereplication is provided by a patchwork of many mechanisms, each of which contributes to a portion of the block by reducing the probability that re-replication will occur within a cell cycle. The combined action of all these mechanisms is needed to reduce the probability to such low levels that re-replication events become exceedingly rare and virtually prohibited. Successive disruption of these mechanisms does not lead to a sudden collapse of the block after a threshold of deregulation is reached, but instead results in a gradual erosion of the block manifested by incrementally higher frequencies and/or levels of limited re-replication. Because all mechanisms contribute in some way to the block, more than one mechanism or combination of mechanisms can be overridden to generate detectable re-replication. Hence, the fact that disruption of a mechanism is sufficient to induce limited rereplication does not make it the critical or dominant mechanism in the block to re-replication.
Levels of Re-replication Likely to Contribute to Genomic Instability and Tumorigenesis May Not Be Detectable by Most Currently Available Assays
Because genomic instability is associated with, and possibly facilitates, tumorigenesis, there has been much interest in understanding the derangements in DNA metabolism and cell cycle control that can cause genomic instability. Rereplication is a potential source of genomic instability both because it produces extra copies of chromosomal segments and because it generates DNA damage and/or replication stress Zhu et al., 2004; Archambault et al., 2005; Green and Li, 2005) . Re-replication has also been potentially linked to tumorigenesis by the observation that overexpression of Cdt1, which can contribute to re-replication (reviewed in Blow and Dutta, 2005) , can transform NIH3T3 cells into tumorigenic cells (Arentson et al., 2002) . However, two considerations have raised concerns about the biological relevance of these potential connections. First, if replication controls are highly redundant, the probability that a cell will spontaneously acquire the multiple disruptions needed to induce re-replicate will be extremely small. Second, we and others have shown that cells undergoing overt re-replication experience extensive inviability (Jallepalli et al., 1997; Yanow et al., 2001; Wilmes et al., 2004; Green and Li, 2005) or apoptosis (Vaziri et al., 2003; Thomer et al., 2004) , making cell death a more likely outcome than genomic instability or tumorigenesis.
Our results in this study counter the first concern by challenging the concept of redundancy in replication control and showing that very low levels of re-replication can still be observed when fewer controls are disrupted. We also have evidence that lower levels of re-replication induce lower levels of inviability (unpublished data), diminishing the second concern. Consequently, we suggest that re-replication at levels well below current detection limits may occur with greater frequency than previously anticipated and that genomic instability may arise from these low, nonlethal levels of re-replication.
